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ABSTRACT: Solid-state NMR spectroscopy was used to investigate the morphylogy d molecular dynamics
of poly[bis(3-methylphenoxy)phosphazenel (PB3MP), a representative semicrystalline polyphosphazene.
Variable-temperature 31p magic-n leiaiinn*M& (MAS) NMR spectra revealed two well resolved isotropic
resonances for the crystalline andesomorinephases. The ability to resolve resonances for the two phases
makes this class of polymers well I11iU4fT;-rtudying morphology and phase transitions using NMR. 31p
spin-lattice relaxation (T) behavior for PB3MP at 23 *C suggested that spin diffusion occurs between the
two phases, which was confirmed by the observation of cross peaks in a two-dimensional exchange experiment.
The measured 31p spin diffusion rate is intermediate between the well-established limits of 'H and 13C spin
diffusion, and it appears as an apparent anomaly in the 31p spin-lattice relaxation behavior. Employing
a model diffusion equation, the spin diffusion rate constant was used to estimate a characteristic diffusion
distance of 4.5 nm, implying a lamellar thickness of ca. 9 nm. The amplitude of side-group motion in the
crystalline and mesomorphic phases was investigated by the analysis of sideband patterns in 13C MAS spectra

-obtained at slow spinning speeds. Negligible motion occurs in the crystalline phase, whereas large amplitudeN!% motion occurs in the mesomorphic phase. Variable-temperature 31? and 1H rotating frame spin-lattice
00 relaxation (T,,) studies revealed activation energies of ca. 10 kcal/mol for motion in the mesomorphic phase.

M Introduction to be resolved in SEM photographs, and less direct
SPomethods are necessary in order to measure a characteristicPhs ei separation it aniecisa ey d if- size. One such method makes use of the NMR phenom-

feringcomposition, mobility, and size is a key determinant enon of spin diffusion,13 which involves megnetizationN M of mechanical, optical, and other properties of solid transfer over a distance through a series of discrete spin-
polymers. Although phase separation is often apparent spin flip-flops. 4 The rates of these zero-quantum tran-
in thermal or diffraction measurements, the detailed sitions scale as the inverse sixth power of the internuclear
characterization of phase-separated polymers requires separation and the fourth power of the magnetogyric ratio,
spectroscopic techniques that can both probe specific -y. For protons in moat polymers (or "9F in fluoropoly-
functional groups or atomic sites and differentiate between mere) the concentration of spins is sufficiently high that
the various phases. NMR spectroscopy has long been the propagation of magnetization between spatial regions
applied to this task with atomic site differentiation separated by several nanometers or more can be accurately
achieved through isotropic chemical shift (e.g. 13C) or modeled as a diffusional process. 5 Indeed, proton spin
selective labeling (e.g. 2H) and phase recognition based diffusion in typical organic solids propagates magnetization
primarily upon the effects of molecular motion on spec- over a distance that increases as t1/2 , as is typical of a
troscopic observables such as relaxation rates or line diffusional process. For rare spins such as 13C, however,
widths. Less commonly, phase differentiation can beobtained based on isotropic chemiual .hift differences,'- it may not be appropriate to model the propagation ot
wobthaind baseron isotrepicflecmicht differences,3 iti rm-magnetization through space as a diffusional process, and
whichinturn reflect differences i.tastieor time-averaged natural abundance 13C 'spin-diffusion" measurements in
conformations or packing effects.-Tire theoretical basis organic solids have proven difficult to quantify in terms
necessary to relate line shapes and relaxation rates to the of a distance versus time dependence.'
amplitudes and frequencies of molecular motion was
worked out early in the history of NMR,4 and a large In spite of the many applications of NMR to the
number of studies have probed dynamics in both homo- characterization of polymer morphology, there has been
geneous and phase-separated polymers.5-12  little effort thus far to use sophisticated NMR methods

in a variable-temperature mode to understand the details
In some phase-separated polymers, supramolecular of phase transitions in polymers.17-19 In the cou,se oi

structures such as spherulitms are large enough to be studying the morphologies of a variety of semicrystalline
detected and measured by microscopy. I,. m polyphosphaenes,2 we have noted several properties
crytalline polymers, however, the crystallites are too small which make them well suited for an exploration of polymer

phase transitions by NMR. At moderate magnetic field

"Author to whom correspondence should be addressed. strengths (k7 T), many semicrystalline polyphosphazenesPresent sddress Central Research and Development, Experi- havewell-resolved31Pisotropicchemicalshiftscorrespond-mental Station. E. I. Dupont do Nemours and Company, Wilming- ing to the crystalline and mesomorphic phases. This

ton, DE 19898-032.
'Present addrew: GE Plastics. I Lexan Lane, Mt. Vernon, IN contrasts with the typical case in '3C spectroscopyin which

47620. fully resolved resonances reflecting phase separation are
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less common. Easily resolved spectral features due to the

two phases facilitate the independent measurement of
various relaxation rates in the two phases over a range of 100 Cc
temperatures. Finally, the presence of 31P at a concen-

tration of one nucleus per repeat unit creates the possibility
for spin diffusion phenomena in a regime intermediate
between the cases for 1H and 13C at natural abundance....

We report here a detailed study of the above phenomena
for the specific case of poly[bis(3-methylphenoxy)phos- 20OC
phazenel (PB3MP). Preliminary results with other semi-

Q~CH 3 -10 0C

0

CH -O

PB3MP Pew

is o 25 6 -5 -50 -75 -100

crystalline polyorganophosphazenes suggests that the Figure 1. Variable-temperature 31P MAS Bloch decay spectra
propertiesofPB3MParerepresentative. OurNMRresults of PB3MP showing isotropic peaks at -10.7 ppm (crystalline)
are in accord with the well-established view that the and-19.4ppm (mesomorphic)andtheirassociatedspinningside-
transition to mesomorphic phase permits large amplitude bands.

(but not isotropic) motion. 21-2 perature range. This observation is consistent with the picture
A dominant feature of many of the 31p experiments was revealed by the NMR experiments (vide infra).

31P spin diffusion between the two phases with a tern- NMR Measurements. Magic-angle spinning (MAS) NMR
perature-independent rate constant of ca. 0.3s -1. Drawing spectra were acquired using a Chemagnetics CMX-300 NMR

spectrometer operating at 121.3 MHz (11P) and 75.3 MHz (IC).
from some of VanderHart's work on proton spin diffusion Typical spectra were recorded using a 30-kHz spectral width, an
in polymers,'$ we use this measurement to estimate a lamel- acquisition length of 1K data points, and 25 Hz (31P) or 50 Hz
lar thickness of ca. 9 nm. The intermediate rate of spin (13C) of line broadening. A 90' pulse width of 4.3-4.5 ps was
diffusion observed in these studies is particularly easy to used. In cross polarization experiments, a 58-kHz spin-lock field
recognize and interpret, and it will be interesting to see and a contact time of 4 ms were used unless otherwise noted. All
if similar effecte can be observed in other phosphorus- spectra were externally referenced to hexamethylbenzene (HMB)
containing polymers or samples enriched in 13C. (13C, aliphatic peak at 17.4 ppm) and 2(S),3(S)-(-)-bis(diphe-

nylphophino)butane (Chiraphos) (3iP, -14.10 ppm); both stan-
Experimental Section dards were obtained from Aldrich. 31P two-dimensionalexchange

spectra were obtained using standard methods.2 . The number
Reagents. Poly(bis(3-methylphenoxy)phosphazene] (PB3MP) of data points accumulated in the ti and t2 time domains were

was provided by the Shin Nisso Kako Co., Ltd., of Japan. A 128 and 256, respectively, with subsequent zero-filling in the t2
sample of PB3MP synthesized in our laboratory displayed the dimension. Two-dimensional spectra were acquired at mixing
same NMR properties as the commercial sample reported in this times ranging from 0 to 4 a.
paper. All results reported here wereotained for the commercial To accurately characterize the magnetization decay in relax-
sample. ation measurements, spectra were acquired a' 12-14 r values

Polymer Characterization. The semicrystaline nature of ranging from 0 to >5T, for T, measurements and from 0 to 16
this polymer was confirmed by X-ray diffraction analysis using ms for T,, measurements. T, values for 31P were obtained using
a Philips APD 3720 diffractometer and Cu irradiation. The data the method developed by Torchia,26 while 1H T, values were
were obtained using a 0.0200 step size over 4-80' (20 range) and measured using the method described by Macil et aLrl
0.5 a count time. The liquid crystalline nature of this polymer
was confirmed by hot-stage polarized light microscopy. The Results and Discussion
micrograph exhibited large regions of birefringence on the order The temperature-dependent morphology of PB3MP is
of 0.2 mm. readily apparent in the 31p MAS NMR spectra in Figure

Samples for scanning electron microscopy were mounted onto readily apare the istr pectan Figure
SEM stubs using conductive carbon paint and then coated with 1. These spectra reveal the isotropic resonances at -19.4
a thin film of gold to ensure a good conductive surface for the and -10.7 ppm. The -10.7 ppm peak sharpens slightly at
electron beam. Secondary electron images were then obtained temperatures above ca. -30 *C (in the vicinity of Te). As
on a Hitachi 570 SEM using a beam accelerating voltage of 5.0 the sample was heated from -50 'C to 100 °C, the -19.4
kV. No spherulites or other structures larger than the resolution ppm resonance grew at the expense of that at -10.7 ppm.
limit of thc images (C jm) were obse-ed for s3-p!es denrkcil At low temperatures, the-19.4 ppm peak broadened. This
to those studied by NMR. broadening is attributed to a dispersion of isotropic

Differential scanning calorimetry was performed using two chemical shifts due to conformational differences. The
instruments, a Perkin-Elmer DSC II equipped with a subam- presence of spinning sidebands for the -19.4 ppm peel_ at
bient accessory, and a Perkin-Elmer Series 7 instrument with 100 *C indicates that appreciable chemical shift
associated robotics. Subambient scans confirmed the glass 9 remains above the mesonorphic phase transiton.
transition at -25 *C. When rapid (i.e. 10 OC/min) scans were -Temin at the temr ris hase anition.

made in the heating direction, a sharp peak corresponding to the ne motion at this temperature is highly anisotropic
mesomorphic transition was observed at ca. 78 'C. Upon rapid because of constraints associated with the liquid crystalline
cooling, this transition was observed at ca. 63 OC. At slower nature of this polymer.
heating or cooling rates, the DSC peak broadened severely, All of our variable-temperature NMR studies were
suggesting that the transition in fact occurs over a broad tem- performed with temperature changes of less than 5 OC/
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Table I I
1H and 31p T1, Values for PB3MP

'H T1, (ms) IPT,,(ms) tJ

temp (*C) crystalline mesomorphic mesomorphic"

-50 47.6 12.3 71.4
-30 43.5 8.5 27.8
-20 40.0 8.7 27.8

0 -10 33.3 1.4 20.0
CS ,.H3 10 33.3 4.3 11.2

10 31.3 2.6 13.5
23 16.7 2.9 5.2
40 19.2 6.9 8.5

b 60 15.9 20.8 23.2
80 12.4 47.6 47.6

The corresponding 31P T,, values for the .rystalline phase were
PM 2:100 ms and were not measured more accurately.

200 150 100 i0 0 Table 11 /

IFigure 2. 13C MAS NMR spectra of PB3MP using (a) cross 13C TI, Values (ms) for the Mesomorphic Phase of PB3MP
polarization to emphasize the crytalline phase and (b) a 90* pulse
(Bloch decay) with a 20-s pulse delay to emphasize the meso- temp (*C) CH3 C3 and C6 C4 C5 C3 C1
morphic phase. Assignments were made by analogy to m-cresol. 23 14.1 1.8 1.6 1.6 7.0 7.5

40 27.0 7.5 7.2 8.2 20.0 17.9

min and equilibration times of at least 5 min. With this 60 45.5 18.2 14.3 13.3 32.3 35.7
protocol, reproducible results were obtained in both the 80 66.7 22.2 20.8 23.3 62.5 50.0
heating and coolingdirection. No hysteresis was observed Table III Y
using the above protocol for PB3MP, although we have IH and 3ap T, Values for PB3MP
observed such effects in NMR studies of other polyphos- 1H T, (a) 3p T, (a)
phazenes.28 We assigned the resonance at -19.4 ppm to
the mesomorphic phase (which is favored at higher tern- tamp (*C) crystalline mesomorphic crystalline mesomorphic
peratures) and that at -10.7 ppm to the crystalline phase. 23 2.4 2.4 19.2 22.2
Further support for these assignments were obtained from 40 1.8 1.7 20.0 1&2
relaxation measurements (vide infra) as well as the 60 1.7 1.4 18.2 13.3
observation that the 31p spectrum of PB3MP in solution 80 1.2 1.1 15.2 11.5

has a single resonance at -19.4 ppm. somorphic phase by using a pulse delay of several seconds
Resolution of the crystalline and mesomorphic phases or less.

on the basis of 1
3C isotropic chemical shifts was not Detailed relaxation data such as those in Tables I-III

observed, but it was possible to selectively observe 13C can frequently be interpreted in terms of molecular
magnetization for either phase by a suitable choice of dynamics, and we will return to some of these data for
excitation conditions. Figure 2 illustrates this for PB3MP that purpose later in this contribution. For now, however,
at 23 °C: the cross polarization spectrum (Figure 2a) we wish to note several semiquantitative features of the
emphasizes the prominent spinning sidebands expected relaxation data. Considering these data, one notes that
for a slow-speed MAS spectrum of a rigid solid, whereas the 'H T, and UP T, values are each identical for the two
the Bloch decay spectrum (Figure 2b) obtained with a phases, whereas the two phases displayed different 'H
relativelyshortpulsedelaydiscriminatesinfavorof mobile Ti,, 31p Ti,, 13C Tj,, and 11C Ti values. In homogeneous
components and hence shows no sidebands. Thus, it was solids, spin diffusion between abundant nuclei (e.g.,
possible to independentlymeasure 1

3C relaxation behavior protons) equalizes Ti and TL, values among magnetically
for the two phases based on choice of excitation, and/or nonequivalent sites. In phase-separated polymers, the
by fitting selected portions of relaxation plots showing observation of identical 'H Ti relaxation rates for the two
biexponential behavior. The 13C NMR signals are from phases can be used to set an upper limit on the distance
nuclei in the side groups. The absence of spinning side- between the two phases (e.g., the lamellar thickness in a
bandsin the13

CNMRspectrumofthemesomorphicphase crystallite). In a similar fashion, the presence of unique
indicates that side group motion is more isotropic than 'H T,, values can be used toseta lower limit. Theabsence
backbone motion. of efficient 13C-13C spin diffusion on a time scale of several

Table I reports UP and 1H rotating frame relaxation seconds is not surprising for an unlabeled polymer. The
times (T,,) for the two phases over a range of tempera- natural abundance of 1

3 C (1.1%) implies a long average
tureS. The 31p Ti, values for the crystalline phase were internuclear separation and hence, in combination with
on the order of 100 me and were not measured more the low magnetogyric ratio, a slow flip-flop rate.
accurately. Table 11 reports 13C T,, values ior the me- 11P, with an abundance of one nucleus per repeat unit
somorphicphase only. Schaefer has previouslyshown that in this polymer and a moderate magnetogyric ratio, is an
spin-spin contributions to long Ti, values invalidate their intermediate case with respect to spin diffusion. The short
use in characterizing molecular dynamics.2  All IH re- 31P T, values forthe mesomorphic phase (<100ms) define
laxation times were measured indirectly through cross a time scale too short for appreciable magnetization
polarization to the resolved 31P signals. 'H and 31P spin- transfer from one phase to the other. The 31P T, values,
lattice relaxation times in the laboratory frame (T) as a on the other hand, define a time scale of seconds to tens
function of temperature are reported in Table lII. Detailed of seconds, and the relaxation behavior observed in suitably
13C T, measurementwerenotattempted, butaswasnoted performed T, measurements clearly shows that a mag-
previously, there were large differences between the Tis netization transfer process is operative and allows its rate
in the crystalline and mesomorphic phases which could be to be calculated. Figure 3 is a semilog plot of a typical 31p

exploited to obtain a Bloch decay spectrum of pure me- T, measurement using the pulse sequence described by
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Figure& 3 P spin-lattice relaxation curves for PB3MP showing
a magnetization transfer process on a time scale of ca. 3 a. The t1  t msmooth curves were calculated using eqs I and 2 (see text). . -Figure 5 us e u n ef r o m d m ni nl e c a g xv gre5. Pulse sequence for ojadmi~inlexchange ex-

periment. t, evolution period; S pin-lick riod; and t., mixing
time.

45a

&* 600 ma

200 ma

PPM-20 *30/ Figure 4. 31P 2D exchange spectrum of PB3MP at 23 'C using 0 n

a 2-s mixing time. The cross peaks connecting the diagonal

resonances for the two phases confirm the existence of a
magnetization transfer process.

Torchia.2s That pulse sequence generates magnetization
by cross polarization and subtracts any Bloch decay PP
components which are uncorrelated with the cross po- 75 50 25 b -25 -50 -15 -0
larization. Inspecting Figure 3, one notes that the mag- 74

netization curves converge over a time scale of ca.3 s and Figure6. 1 MAS one-dimensionalexchangespectraofPB3M
thensubsequentlydecayatacommonrate. (Thecommon obtained at 20 *C and various mixing times using the pulse
intercept is coincidental.) Indeed, the magnetization of sequence in Figure 5.

the mesomorphic peak actually increased for several comparisonsof2Dspectraobtainedatvariousmixingtimes
seconds before beginning to decay to the equilibrium value suggest a magnetization transfer rate constant of ca. 3 s.
ofzeroexpected in the Torchis experiment. This behavior The appearance of cross peaks connecting the crystalline
is consistent with a magnetization transfer process, either and mesomorphic diagonal peaks unambiguously confirms
chemical exchange or spin diffusion, between the com- a magnetization transfer process on the time scale of a few
ponents in the respective phases. Chemical exchange seconds. An effort to quantify the rate constant for
would have similar effects on the relaxation curves magnetization transfer from 2D spectra was complicated
obtained for 13C and 'H; since no such effects were by the line shapes produced by the absolute mode
observed, chemical exchange can be ruled out as the transform used to process 2D exchange spectra. Maciel
magnetization transfer process. The 31P resonance due to and co-workers have described a one-dimensional analog
the crystalline phase cross polarizes much more efficiently of the 2D experiment for determining chemical exchange
than that for the mesomorphic phase, creating an initial rates in solids.30 The results of that experiment are most
polarization gradient across the phase boundaries which readily interpreted if the two peaks undergoing exchange
spin diffusion restores on a time scale of several seconds. are of approximately the same intensity. In order toobtain

T1 values were obtained from curves like Figure 3 by an initial condition characterized by equal intensity for
fitting the slope of the magnetization plot in the longer the crystalline and mesomorphic resonances, we developed
time region (i.e., after convergence). The theoretical the modified pulse sequence shown in Figure 5. Coherence
rzlaxation curves used to fit the experimental points in is created by a 90* pulse and is then held in a spin-lock
Figure 3 will be discussed after we present further evidence for a time sufficiently long (typically several milliseconds)
for the magnetization transfer processand an independent to equalize the magnetization through the short Ti, for
measurement of the spin diffusion rate. the mesomorphic phase (Table I). 3ip magnetization

31p two-dimensional exchange spectra 24 were obtained evolves under isotropic chemical shift interactions during
at several mixing times. Figure 4 shows a two-dimensional the interval ti, which corresponds to the time required to
spectrum obtained at a mixing time of 2 s. This spectrum achieve a 1800 phase difference between the two reso-
clearly shows cross peaks connecting the crystalline and nances. (The spinning speed is adjusted for this exper-
mesomorphic peaks of the polymer. Semiquantitative iment such that tI also corresponds to an integer multiple
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Table IV analogous to the zero-quantum transition that occurs in

31p-31p Spin Diffusion Rates between the Two Phases of heteronuclear NOE's in that the required energy comes
PB3MP from the lattice. Furthermore, cross polarization in solids

rate, k Ws') involves the same type of argument in that the maximum

temp '*C) without 'H decoupling with 1H decouplin- transfer rate occurs when the two nuclei are given the

25 0.35 0.30 same precessional frequency in the rotating frame.
40 0.30 0.24 In the 31p MAS NMR spectrum of PB3MP, the peaks
60 0.31 0.23 corresponding to the crystalline and mesomorphic phases

are separated by 1.02 kHz..Therefore, the zero-quantum
of the rotor period.) The second 900 pulse creates a transition is not secular. Spin diffusion between nuclei
condition in which the magnetization from one peak is with different resonance frequencies has been observed.3
along +z while that from the other is along -z. Magne- In order for spin diffusion to occur in this case, there must
tization transfer is allowed to occur during a variable exist some mechanism by which the energy difference is
mixing time (t.) prior to detection. The results of a accounted for. In previous contributions, several workers
representative experiment are shown in Figure 6. The have found that the most common mechanism for pro-
decrease in signal intensity as a function of time was fit viding the energy needed to compensate for the imbalance
to an exponential model to yield the characteristic is through heteronuclear dipolar coupling to a large
exchange time constant 7 = k. -&. This experiment was reservoirof proton spins.m 5 Rapid spin diffusion occurs
performed at three different temperatures (Table IV). The due to the large homonuclear dipolar interactions between
observation that the magnetization transfer rate (ca. 0.30 nearby protons. In the one-dimensional exchange exper-
s - ) is temperature independent is consistent with the fact iment, Figure 5, proton decoupling is absent during the
that spin diffusion is not a thermally activated process mixing period. As such, the 3iP--H dipolar interaction
and further rules out chemical exchange as the magne- leads to broad line widths and significant spectral overlap
tization transfer mechanism. of the two peaks. The rate at which spin diffusion occurs

The theoretical curves used to fit the experimental data is a function of the degree of overlap of the resonances.34

points in Figure 3 were calculated from the following If proton decoupling is applied during the mixing period,
coupled differential equations:3' the spectral overlap will decrease. Asaresult, the diffusion

rate should also decrease. If spin diffusion occurs via the
dM,(cryst) M,0(cryst) - M.(cryst) - . + proton dipolar reservoir, removalofthe 3 P-iHinteractions

dt T(cryst) should change the spin diffusion process rate constant.

k.,M,(meso) (1) When decoupling was applied during the mixing period,
the spin diffusion rates at the three temperatures studied
decreased approximately 20% (Table IV). However, as

,AM(meso) M,0(meso) - M,(meso) - k.A (m e s o) + is evident in Figure 1, significant spectral overlap remains
dT TI(meso) at temperatures _<60 *C. Therefore, the proton reservoir

most likely provides the required energy for spin diffusion.
k5xM2 (cryst) (2) However, it is also possible that modulation of the dipolar

interactions by molecular motion contributes to satisfying
The M ° terms designate the equilibrium magnetization the energy imbalance. 34

of the respective phases. These equations were solved
numerically using the Runga-Kutta method2 and initial We now return to the physical significance of our
conditions obtained from measurements of cross polar- experimentally determined 31P spin diffusion rate in
ization efficiencies for the two phases. A number of PB3MP. VanderHart has proposed' s that the distance,
simulations were performed using different Ti values and x, over which IH spin diffusion occurs during a time, t, can
different values of k. The simulation in Figure 3 was be modeled as
carried out usilggijiexperimentally obtained values of x2 

_/3Dt (3)
k. (0.30 s9-, Table IlTand T,(meso) = Tt(cryst) - 20 s
(Table III). On h ming Figure 3, one notes an excellent The diffusion constant D was originally calculated to be
agreement between theory and experiment. We conclude v6.2 X 10-

1
2 cm 2 s-

1 for protons in polyethylene by Douglass
that the seemingly anomalous behavior of the 31P T, data and JonesY VanderHart proposed that this value could
for this polymer is fully accounted for by a spin diffusion be used in his studies of 1H spin diffusion in poly(ethylene
process which transfers magnetization between the two terephthalate) following appropriate correction for the
phases with a rate constant of 0.30 s- . As we will show relative densities of protons in those materials.' 5 In a
presently, this value can be used to calculate a charac- similar fashis, we estimated a 'H diffusion constant for
teristic dimension (domain size) for the crystalline phase. PB3MP of 4.3 X 10- 12 CM2 s- . In order to estima,"e.a
First, however, we wish to make several comments on the diffusion constant, it was necessary to scale thepolyeh
likely mechanism of the spin diffusion process. ylene spin diffusion constant by both a spin density

The rate at which spin diffusion occurs is related to the correction and a magnetogyric ratio (,y) correction /
zero-quantum transition probability as determined via 1/
first-order perturbation theory. This transition rate is _H___P_3Mp______

maximized for spectral density at zero frequency, i.e. for DPIlMP - DPZ ['IPH /3.,H 4

overlapping resonances. Strictly speaking, the zero-
quantum transition rate is proportional to the density of from which we obtained a value of 18 X l0-1' cm2 -1. The
energy conserving spin-spin flip-flops, that is the prob- observation that the 1H T, values are identical in the two
ability that single-quantum transitions occur at the same phases while the 1H TI, values are unique allows upper
frequency. For single-quantum transitions that occur at and lower limits on the characteristic domain sizes to be
different frequencies, the energy imbalance must be established by equating T, and Ti,, respectively, to t in
compensated for via one or more of several possible eq 3. This procedure allows us to estimate a lower limit
contributions from the lattice. This process is entirely of 3 1nm and an upper limit of 37 m. Since the 31P
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Figure 7. Schematic diagram of the model used to interpret
slow-speed 13C MAS spectra of PB3MP in terms of molecular
motion in the mesomorphic phase. 01, 02 and o3 designate the I
three continuous diffusional processes used in simulations. The
assumed orientation of the shielding tensor of C3 is indicated
(see text).

spin-diffusion rate is accurately known, a more exact I
calculation is possible. Using our estimate of the 31P spin-b
diffusion constant, we arrive at a characteristic size of 4.5
nm, a value consistent with the limits established by the
1H data. Our physical interpretation of the 4.6-nm value
is somewhat speculative, but it is consistent with Vander-a
liart's treatment.3

8 We interpret the characteristic size _______________

Vi /2 the lamellar thickness of the crystallites. Our lamel- 30 2O 20 lo 10C
Aar thickness of 9 rn is consistent with the range expected 3 ZO IO zo so S -

for organic polymers.3 ' The observation that the 31P spin 'Aigure 8. Experimental and simulated 13C MAS
diffusion rate is temperature independent implies that probing motion in the mesomorphic phase of PB3MP:.'z)a2

the verge tickessdoesnotchane oer he curs of polarization spectrum with interrupted decoupling spectrum
the verge tickessdoesnotchane oer he curs of showing C3, C1, and CH3 in the crystalline phase; (b) simulated

the phase transition. spectrum of C3 showing the effect of motion 01; (c) simulated
We now consider the relationship between the meso,- spectrum of C3 showing the effect of 01 and 4's; (d) simulated

morphic transition and molecular dynamics. A detailed spectrum of C3 showing the effect of 0,#2, and 4ps; (e) Bloch
picture of molecular motion in solids can often be obtained decay spectrum of PB3MP showing all signals from the meso-
by comparing the calculated effects of physically reason- morphic phase. The cross polarization and Bloch decay spectra

were obtained at -50 and 23 *C, respectively. All spectra are at
able models of motion on one or more line broadening a spinning speed of 2900 Hz.
interactions and comparing simulations and experiments.
2HI line shape analysis is a spectroscopically convenent obtained by aprocedure analogous to the method of Waugh
way of determining the and amplitudes of motion and co-workers.43

at a particular nuclear site u~ttlhyI eed to prepare several Figure 8a shows a 11 CP/MAS spectrum of PB3MP
selectively labeled polymers makes this approach less obtained with 50 ps of interrupted decoupling to suppress
attractive. Our approach to the study of molecular signals due to the protonated aromatic carbons. The region
dynamics in PB3MP has been to make use of the chemical of this spectrum between 50 and 250 ppm has features
shift interaction. Herzfeld and Berger have shown how exclusively due to the isotropic peaks andfirst- and second-
the principal components of the chemical shift tensor can order spinning sidebands of C1 and C3. Figure Se shows
be calculated from the amplitudes of an isotropic peak a Bloch decay spectrum of the mesomorphic phase (with
and two or more orders of spinning sidebands.40 It is the crystalline phase completely saturated) at the same
possible, therefore, to measure motionally-averaged pmi- spinning speed as in Figure 8a, 2900 Hz. Figures Sb-d
cipal components for multiple nuclear sites from slow- show simulated spectra of C3incorporating the progressive
speed MAS spectra--without the requirement of multiple effect of the three physically reasonable motions depicted
selective enrichments. Using this procedure we first in Figure 7. Figure Sb shows that a modest amount of
determined that there is negligible motion of the 3-me- averaging is obtained by permitting the rapid continuous
thylphenoxy aide group in the crystalline phaseof PB3MP. diffusional process 01 The combination of 01 and 02 leads
This was done by comparing calculated 1

3C principal to significant averaging of the chemical shift anisotropy
S~onet data obtained selectively from the crystalline jof C3 (Figure Sc), but not nearly enough to account for the
fphor C3 (at, - 230, at2 - 162, and v33 = 31 ppm) by V near-total loss of sideband intensity for C3 in the meso-
'-trwpolarization with analogous measurements obtained jmorphic phase. #I and 02 are the only physically rea-
for C3 in the model compound m-cresol (anl = 229, ar2 = V sonable large-amplitude processes that can take place
185, and r33 - 29 ppm) at a temperature of -70 *C. In without torsional motion of one repeat unit relative to its
contrast to the negligible motion found in the crystalline neighbors or motion of the nuclear coordinates of the P
phase, aide groups in the mesomorphic phase must be and N atoms. The simulation in Figure Sd also includes
undergoing large amplitude motions as suggested by the the effects of continuous torsional motion (03 Figure 7).
near absence of sideband. in Figure 2b. In order to Comparing parts d and a of Figure 8, one notes that the
characterize what motions the side groups undergo in the necessary amount of averaging can be obtained by the
mesomorphic phase of PB3MP, we made use of the model combination of 01 02 and 03 On the basis of Figure 8
shown in Figure 7. The shielding tensor orientation shown alone, we cannot prove that the sole motion of the polymer
in Figure 7 is that reported for Cl in p-xylene."1 A survey chain is torsional, but these results do show that local
of the literature' 2 suggests that this orientation is typical motions of the aryl groups alone are insufficient to account
for alkyl-substituted aromatic carbons. The principal for the motional averaging of the 1

3C shift anisotropy in
components of the tensor used for simulations were the mesomorphic phase.
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31p interpreted to give the following picture of the morphology
* of PB3MP. The crystallites in this polymer have lamel-

4 lae that ar3 ca. 9 nm thick. Large-amplitude molecular
motions (except for the trivial case of methyl rotation) are

3 not possible in the crystalline phase. Large-amplitude
motions in the mesomorphic phase include unrestricted

0 rotation of the side group and torsional motion along the
I main chain.
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